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Abstract: The technology of producing a composite material in situ envisages the pre-saturation of an
AlSi7Fe1 melt with hydrogen; afterwards, the melt is blown with oxygen until the hydrogen dissolved
in the melt is burned out. The hydrogen content was researched during the manufacturing process of
the composite material; before oxygen blowing, and at incomplete and complete burning out of the
dissolved hydrogen. The interrelation between the absorbed hydrogen content and the aluminum
oxide fraction was identified. A mathematical model was proposed which demonstrated that during
the saturation process of the melt with oxide particles, hydrogen was absorbed on their surface as
a layer close to monoatomic, which does not lead to the realization of the pores’ heterogeneous
nucleation mechanism. Due to this, castings produced from the researched composite material
are leakless. Incomplete burning out of hydrogen dissolved in the melt leads to the formation of
significant hydrogen porosity. The proposed method of prevention of gas porosity in cast composites
is an alternative to the conventional one and offers not only the purging of the melt from oxide
inclusions but, on the contrary, a significant increase in their specific surface, which allows for the
reduction in hydrogen content on the inclusion surface to the monoatomic level.
Keywords: aluminum matrix composite (AMC); hydrogen; aluminum oxide; oxygen blowing;
leakless casting
1. Introduction
At present, aluminum matrix composites are not only developed, but also commer-
cially produced [1]. As is shown in paper [2], hydrogen porosity is the main problem
in the production of aluminum matrix molded composites. In paper [3], the porosity of
composites is divided into two types, that is, the phase boundary porosity and the matrix
alloy porosity. The first type of porosity is especially dangerous, as it results in a loss of
the bond between the strengthening particles and matrix metal, and deformation begins
at small loads [4]. Sometimes, an insignificant porosity combined with strengthening by
nanoparticles leads to unexpected effects, in particular, to a very large percentage elon-
gation, which is, in general, uncharacteristic for composites [5] and is a consequence of
Young’s modulus decrease. The second type of porosity in a metal matrix originates from a
significant decrease in hydrogen solubility in aluminum during crystallization [6].
The review of works [7] on the subject of pore formation in an aluminum alloy presents
a picture of direct dependence of the pore volume on hydrogen percentage, whereas in the
case of the equilibrium concentration at the crystallization temperature, the pore volume
is equal to 3%. The paper also shows a direct dependence of the oxide particles’ surface
area on the formation of hydrogen porosity. The oxide particle surface is a solid support
whereon hydrogen atoms settle out, and the generation of pores begins at their critical
concentration, while deep over-saturation without the formation of pores can be possible at
high purity (that is, low percentage of non-metallic inclusions) of the melt. Thus, according
to numerous literature reports, inclusions provoke pore formation. Regarding composites,
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it was comprehensively researched in paper [8], where the increase in porosity is shown at
the increase in the strengthening component specific surface. On the other hand, paper [9]
demonstrated the over-saturation of the aluminum alloy with hydrogen in the presence of
oxide spots with a large area.
Techniques which are conventionally used for purging aluminum melts from hydrogen
—that is, inert or active gas flushing–cannot be utilized in the aluminum composite technol-
ogy due to the strengthening component sedimentation. So, the degassing of raw-stock
materials becomes the main way to solve the gaseous porosity issue.
The technology of producing the oxide aluminum composite in situ developed by the
authors envisages the oxygen blowing of the pre-hydrogenated AlSi7Fe1 melt [10]. The
gist of the process is presented in Figure 1.
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is impenetrable for hydrogen, so an interaction between hydrogen and oxygen in the bub-
ble does not occur. The adsorbed hydrogen reacts with the furnace atmosphere oxygen on 
the melt mirror, giving release to energy (Figure 1C). The melt hydrostatic pressure drops 
at the floating, which results in the oxygen bubble expansion and formation of cracks 
therein. Hydrogen burning leads to the local heating of the melt up to temperatures above 
980 ± 5 °C; at this temperature and oxygen deficiency, the reaction of formation of alumi-
num gaseous suboxides proceeds [11] in the oxygen bubble cracks (Figure 1D). As a result, 
the bubble gets disintegrated on the melt mirror, and the oxide film residues reinforce the 
melt (Figure 1E). To produce the consistent composite, disintegration of the oxide should 
only occur on the melt surface [12]. 
Methods of oxide bubble destruction within the volume of the melt are known. It is 
impossible to “heal” cracks in the oxide film due to the reduction in the oxygen percentage 
in the gas mixture [13] and the heating of the melt up to temperatures above 980 °C, which, 
as it was mentioned earlier, leads to the formation of aluminum gaseous suboxides [14]. 
However, the collapse of bubbles within the volume of the melt does not result in an im-
provement in strength of a produced alloy because of oxide porosity [15]. For the elimi-
nation thereof, it is necessary to destruct oxide bubbles, not within the volume of the melt, 
Figure 1. The process diagram: 1. Tuyere. 2. Oxygen bubble. 3. Aluminum alloy melt. (A)—bubble
for ti ; ( )— l fl t ti , r is s r e on it; ( )—hydrogen burning on the melt
irror; ( )—f ti f l i gaseous suboxides; (E)—bubble disintegration, oxide particles
saturate the melt
efore blo ing, the elt is t r te it r en i tr cing titaniu ydride
(Ti 2). I t f l i , l i f r t t yere flat; fro
i si , t ti bubble is covered with an aluminum oxide film (Figure 1A). As
the oxygen bubble floats up, dissolved hydrogen is adsorbed on it (Figure 1B). The oxide
film is impenetrable for hydrogen, so an interaction between hydrogen and oxygen in the
bubble does not occur. The adsorbed hydrogen reacts with the furnace atmosphere oxygen
on the melt mirror, giving release to energy (Figure 1C). The melt hydrostatic pressure
drops at the floating, which results in the oxygen bubble expansion and formation of
cracks therein. Hydrogen burning leads to the local heating of the melt up to temperatures
above 980 ± 5 ◦C; at this temperature and oxygen deficiency, the reaction of formation
of aluminum gaseous suboxides proceeds [11] in the oxygen bubble cracks (Figure 1D).
As a result, the bubble gets disintegrated on the melt mirror, and the oxide film residues
reinforce the melt (Figure 1E). To produce the consistent composite, disintegration of the
oxide should only occur on the melt surface [12].
Methods of oxide bubble destruction within the volume of the melt are known. It is
impossible to “heal” cracks in the oxide film due to the reduction in the oxygen percentage
in the gas mixture [13] and the heating of the melt up to temperatures above 980 ◦C, which,
as it was mentioned earlier, leads to the formation of aluminum gaseous suboxides [14].
However, the collapse of bubbles within the volume of the melt does not result in an
improvement in strength of a produced alloy because of oxide porosity [15]. For the
elimination thereof, it is necessary to destruct oxide bubbles, not within the volume of
the melt, but on its mirror [12], thus, ensuring residual oxygen emission into the furnace
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atmosphere. This is the very thing which allows the realization of preliminary saturation
of the melt with hydrogen.
The obtained composite material shows much higher mechanical properties than the
initial alloy. The ultimate tensile strength rises from 127 to 175 MPa in the as-cast condition;
it is also characterized by the brittle failure pattern, that is, the practically complete absence
of relative elongation [16].
The composite structure which determines its mechanical and functional properties is
examined in detail in paper [17]. Oxide inclusions—mostly of the isotropic form—with size
up to 100 nm are modifiers of the structure and provide refinement of eutectic phases and
subgrains of the alpha-solid solution. The composite contains some small quantity of larger
inclusions in the form of films and bi-films. The composite also showed complete absence
of hydrogen porosity, despite the preliminary saturation of the alloy with hydrogen. This
effect was applied when producing the cast item “pneumatic bulb” (Figure 2) at LLC
Uraltsvetlit by die-casting, ensuring the complete absence of defects in terms of hydro
permeability, whereas fabrication of the casting from conventional commercial alloy AlSi7
(A356) resulted in 30–40% of the products being faulty.
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Figure 2. Cast item “Pneumatic bulb” from composite.
In the process of blo ing, hydrogen is spent by burning on the elt irror, thus,
providing for local overheating and the destruction of oxygen bubbles on the surface
necessary for the formation of the composite material. In the se ce f r en, oxygen
blo ing f t elt, as it is off red in [18], results in the formation of larg -size oxide
films and, consequently, the inability o use the produc d m terial as structural. Upon
the complete burning out of hydrogen dissolved in the melt, oxide ubb es floating up on
the surfa c ase to be destroyed, and slag builds up on the melt irr r, i a visual
signal to discontinue the proces of blowing. This study ai s to determine the residual
content of hydrogen in the melt.
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2. Materials and Methods
To prepare specimens, a shaft-type resistance furnace (UrFU, Ekaterinburg, Russia)
was used wherein a 0.5 L marshalite crucible (JSC Dinur, Pervouralsk, Russia) was installed
and a blowing tuyere (JSC Dinur, Pervouralsk, Russia) from fused quartz with ID (Inner di-
ameter) 6 mm and OD (Outside diameter) 10 mm was secured. Commercial-grade silumin
AlSi7Fe1 (LLC Uraltsvetlit, Kamensk-Uralsky, Russia) (AK7 according to standard [19])
was used as a furnace charge, with a weight of 500 g ± 1 g. Hereinafter in this paper,
measurements of solid substance masses were performed on scales AND GF-4000 and
AND GR-300 (Ltd. A&D Company, Toshima, Japan). The alloy chemical composition is
shown in Table 1 (measurement error ±0.05%).
Table 1. Chemical composition of the experimental alloy.
Element Al Si Mn Fe Mg Cu Zn Ti
Casting alloy Balance 6.79 0.38 1.08 0.54 0.73 0.45 0.15
The alloy was overheated to 1023 ± 1 K (750 ± 1 ◦C). For the hydrogenation of the
melt, titanium hydride (II) (LLC UralInvest, Izhevsk, Russia) was used, which is usually
applied for this purpose [20].
The equilibrium limit of hydrogen solubility was determined for the alloy with the
chemical composition shown in Table 1 and for the abovementioned temperature on
the basis of the data [21], where the system of hydrogen equilibrium solubility correction
coefficients is dependent on the content of alloying and impurity elements is presented. The
calculated hydrogen equilibrium content in the aluminum alloy melt is equal to 0.9124 ppm;
thus, the required mass of titanium hydride is 0.01 g per 500 g of melt. The mass of titanium
hydride introduced into the melt before blowing was taken with a significant exceedance
of the solubility limit for the realization of local overheating in the process of blowing, as is
mentioned above, that is, 1 ± 0.05 g. Consequently, the initial hydrogen content in the melt
is 91 ppm.
To prevent the release of hydrogen during the introduction thereof, it was introduced
into the melt wrapped in aluminum foil by means of an alloying basket. Still, a portion
of hydrogen burns out as soon as is introduced into the melt in titanium hydride. Then
the melt was blown with oxygen (JSC Linde UralTechGas, Ekaterinburg, Russia) with a
constant flowrate about 0.063 m3/h (measurement error ±2.5%) determined by means of
a mass flowmeter (industrial rotameter). The time of the complete burnout of hydrogen
was not definitely established, but was identified by an acute growth of slag on the metal
mirror, which was monitored visually. As our experience shows, the time of blowing with
the mentioned flowrate until completion of hydrogen burning out is about 1 h, so the
following heats were performed:
1. Without blowing, with the introduction of titanium hydride only.
2. With 30 min of blowing (incomplete hydrogen burn out).
3. With blowing until complete hydrogen burn out (5 heats).
Upon completion of blowing, the melt was poured into a green sand mold. From
the produced castings (Figure 3), specimens were cut for studying. Three specimens were
taken from each heat.
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The fraction of aluminum oxide in specimens was determined by a technique [22] 
which involved dissolving the aluminum alloy in a mixture of potassium bromide, potas-
sium and ethyl acetate. The hydrogen concentration in the specimens was studied on 
ELTRA ONH-2000 m. Most frequently, hydrogen content in metal is estimated in the lit-
erature in mL/100 g. ELTRA ONH-2000 m outputs readings of hydrogen concentration in 
mass fractions ppm. The conversion is performed on hydrogen mass in 1 cm3, that is, 
0.000089 g. Thus, 1 cm3/100 g = 0.00000089 = 0.89 ppm. 
Metallographic studies of specimens with the purpose of finding porosity were made 
with the use of an Olympus BX-51 optical microscope. 
3. Results and Discussion 
The hydrogen content found in the specimens and the aluminum oxide fraction are 
shown in Table 2. 
Table 2. Hydrogen content and aluminum oxide fraction. 
Heat Hydrogen Content, ppm Aluminum Oxide fraction, % 
Without blowing 10.85 ± 0.5 >0.10 
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A polished section of the specimen blown until hydrogen fully burns out (Figure 4A) 
is not free from porosity. The pore size is up to 200 µm. The pore surface is oxide-coated, 
the thickness thereof is significant and characteristic for formation in the melt [17]. Con-
trary to hydrogen pores, the thickness of oxide on the surface whereof is significantly 
lower, that is, the pores are formed due to the incomplete collapse of an oxygen bubble in 
process of blowing. The non-round form of the pores is one more sign of their oxygen-
based origin. The dendrite porosity area adjoins the pore around the alpha-solid solution; 
the mentioned pore possesses an obvious shrinkage origin and occurs in the crystalliza-
Figure 3. Casting of the aluminum matrix composite.
The fraction of aluminum oxide in specimens was determined by a technique [22]
which involved dissolving the aluminum alloy in a mixture of potassium bromide, potas-
sium and ethyl acetate. The hydrogen concentration in the specimens was studied on
ELTRA ONH-2000 m. Most frequently, hydrogen content in metal is estimated in the
literature in mL/100 g. ELTRA ONH-2000 m outputs readings of hydrogen concentration
in mass fractions ppm. The conversion is performed on hydrogen mass in 1 cm3, that is,
0.000089 g. Thus, 1 cm3/100 g = 0.00000089 = 0.89 ppm.
Metallographic studies of specimens with the purpose of finding porosity were made
with the use of an Olympus BX-51 optical microscope.
3. Result and Discussion
The hydrogen content found in the specimens and the aluminum oxide fraction are
shown in Table 2.
Table 2. Hydrogen content and aluminum oxide fraction.
Heat Hydrogen Content, ppm Aluminum Oxide fraction, %
Without blowing 10.85 ± 0.5 >0.10
Incomplete blowing 12.60 ±0.5 1.9 ± 0.05
Full blo ing 1 26.30 ± 0.5 5.1 ± 0.1
Full blowing 2 22.60 ± 0.5 4.3 ± 0.1
Full blowing 3 24.00 ± 0.5 4.8 ± 0.1
Full blowing 4 22.60 ± 0.5 4.6 ± 0.1
Full blowing 5 24.10 ± 0.5 4.8 ± 0.1
A polished section of the specimen blown until hydrogen fully burns out (Figure 4A) is
not free from porosity. The pore size is up to 200 µm. The pore surface is oxide-coated, the
thickness thereof is significant and characteristic for formation in the melt [17]. Contrary to
hydrogen pores, the thickness of oxide on the surface whereof is significantly lower, that
is, the pores are formed due to the incomplete collapse of an oxygen bubble in process of
blowing. The non-round form of the pores is one more sign of their oxygen-based origin.
The dendrite porosity area adjoins the p re around the alpha-solid solution; the mentioned
pore possesses an bvious shrinkage origin a d occurs in the crystallization i terval, as a
esult of non-permeability of the oxide film for the melt. The xide porosity is f a local
nature and, naturally, r duces the composite mechanic l properties to some exten , but
does ot i fluenc hydro p rmeability.
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Hydrogen in the composite, upon completion of the burning on the melt mirror can
only be in the b und state, adsorbed on the aluminum oxide surface. The dependence of
the hydrogen content in the composite may be presented raphically (Figure 5), the linear
trend is described by Equation (1):
% H2 (content ppm) = f (% Al2O3) = 4. 7069 × (% Al2O3) + 1.7034 (1)
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The rem ining term char cte izes over-saturation of the melt with hydrogen under
conditions f the bsen e of solid particles, that is, conditions for the pores’ heterogeneous
nucleation. In p per [23], ver-saturation of Al-Cu system alloy with hydrogen to
0.43 mL/100 g is sho n, which corresponds to 0.48 ppm, i.e., significantly higher than the
known quilibrium level associated with het rogeneo s nucleatio . H wever, the level
of th melt’s possible ov rsaturati n in the abs nce of h t r geneous nucleation is not
the main opic of the presented study, and a much larger quantity of experiments will be
requ red for he clarification of this parameter.
In th examined l terature, the interrelati n betwe n hydrogen cont nt and aluminum
oxide content [24] is pr se ted quit often, si ilar to that prese ted in Figure 4. However,
such an approach is feasible only for certain geometrical dimensions f oxide particles, as
hydrogen absorption occurs on its active surface. At the same time, as it is well known,
thickness of oxide films on aluminum may vary from nanometers to micrometers, depend-
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ing on the conditions of their formation [25]. Influence of the shape and size of oxide
spots on hydrogen content in the melt and formation of gaseous porosity is researched in
paper [26].
As we see from results of paper [17], aluminum oxide particles in the composite under
consideration have the shape which is close to isotropic. At the same time, as they are
a product of the collapse of the oxide film, their shape should be nearly cubic, which is
confirmed by the abnormally high viscosity of the composite melt studied in paper [27].
The thickness of the dynamically formed oxide film, according to [16], can be up to 100 nm;
a similar result is presented in paper [17]. Thus, in the framework of the developed
mathematical model, let us suppose that aluminum oxide particles have the cubic form
with a facet of 100 nm and volume of 1,000,000 nm3. The surface of aluminum oxide active
to hydrogen shall be calculated on base of the parameter of the alpha-aluminum rhombic
lattice 0.512 nm. The active volume is a complete cube with an outer facet 100 nm and
thickness 0.512 nm. The volume of this figure is 15,281 nm3, and correlation of the active
and overall volume of aluminum oxide will be 1.528%. Basing on the data of Table 2, make
calculations of hydrogen absorption on aluminum oxide molecules (Table 3). The molar
mass of aluminum oxide is 102 g/mol, while that of hydrogen is 1 g/mol.
Table 3. Calculation of relation of hydrogen to active aluminum oxide in the composite.
Experiment 1 2 3 4 5
Aluminum oxide mass per
100 g, g 5.1 ± 0.1 4.3 ± 0.1 4.8 ± 0.1 4.6 ± 0.1 4.8 ± 0.1
Active aluminum oxide
mass, g 0.077 0.065 0.072 0.069 0.072
Mol quantity of active
aluminum oxide 0.00075 0.00063 0.00071 0.00066 0.00071
Hydrogen mass per 100 g, g 0.00263 0.00226 0.00240 0.00226 0.00241
Mol quantity of hydrogen 0.00263 0.00226 0.00240 0.00226 0.00241
Relation of hydrogen to active
aluminum oxide 3.48 3.54 3.38 3.42 3.39
Thus, hydrogen absorption by the aluminum oxide surface corresponds, on average, to
the correlation Al2O3 × 3.46 H, which allows—even considering the model approximation
(of the incomplete collapse of oxide spots to cubic particles)—no more than a monoatomic
hydrogen layer on the aluminum oxide surface; that is, there is, in fact, the chemical
absorption shown in paper [28]. The results of paper [29] also demonstrate the reduction
in pore formation in the presence of small-size products of the oxide film collapse.
A polished section of the specimen with incomplete blowing possesses clear-cut
hydrogen porosity. The pore size achieves 600 µm. Calculation according to formula (1)
will also show a proximal yet insufficient oxide content for hydrogen absorption from the
melt (11.24 as calculated versus 12.6 actual), the more so because a significant portion of
the oxide spots remain undestroyed at incomplete blowing, and so the proposed model
becomes inadequate. The hydrogen porosity effect in aluminum alloys contaminated by a
significant quantity of finely dispersed oxides is described in [30], but the oxide surface in
cast alloys is extremely small in relation to composite materials. Aluminum oxide in the
melt, as with any other suspension, hinders the process of gas emission from the casting.
A polished section of the specimen without blowing demonstrates a smaller hydrogen
porosity than in the case with incomplete blowing. This is due to the fact that, when a melt
is loaded into a mold, the burning of hydrogen begins on the “metal-mold” interface, and
a crust on the casting surface is not formed for quite a long time, thus, assuring the melt
degassing. Still, gaseous porosity in the hydrogen-charged melt is present, pores have a
high dispersion in their sizes, there are both pores that are 300 µm and small pores that
Metals 2021, 11, 551 8 of 9
are 50 µm (Figure 6). A small size of hydrogen pores demonstrates the low temperature
gradient during the crystallization of the casting.
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ings, which is assured by hydrogen burning out during the process of blowing on the melt 
mirror and the residual hydrogen absorption on oxide particles surface. When the burn 
out hydrogen from the melt is not complete, hydrogen porosity will be formed in the cast-
ings. The proposed method of prevention of gas porosity in cast composites is alternative 
to the conventional one and offers not only purging of the melt from oxide inclusions but, 
on the contrary, significant increase in their specific surface, which allows the reduction 
in hydrogen content on the inclusion surface to the monoatomic level. 
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